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Abstract: The influence of the microstructural transformations upon heat treatments on the wear
resistance of Fe-W coatings is studied. The coatings are electrodeposited from a glycolate-citrate
plating bath with 24 at.% of W, and the wear resistance is investigated under dry friction conditions
using ball-on-disc sliding tests. The samples were annealed in Ar atmosphere at different
temperatures up to 800 ◦C. The microstructural transformations were studied by means of X-ray
Diffraction (XRD), Scanning Electron Microscopy (SEM), and Electron Backscattered Diffraction
(EBSD) technique. Except for the coating annealed at 800 ◦C, all the tested coatings suffered severe
tribo-oxidation which resulted in the formation of deep cracks, i.e., ~15 µm in depth, within the wear
track. The precipitation of the secondary phases, i.e., Fe2W and FeWO4, on the surface of the sample
annealed at 800 ◦C increased the resistance to tribo-oxidation leading to wear tracks with an average
depth of ~3 µm. Hence, the Fe-W coating annealed at 800 ◦C was characterized with a higher wear
resistance resulting in a wear rate comparable to electrodeposited hard chromium coatings, i.e., 3 and
4 × 10−6 mm3/N m, respectively.
Keywords: electrodeposition; iron-tungsten alloys; wear resistance; heat treatment
1. Introduction
In the field of coatings for protective applications, the attempt to find a sustainable alternative
to hard chromium coatings is still under investigation. Hard chromium coatings are characterized
by high hardness, as well as wear and corrosion resistance, but their production involves the use of
carcinogenic compounds (i.e., Cr6+). Electrodeposited W alloys containing iron group metals (i.e., Ni,
Co and Fe) have been extensively studied as an alternative to hard chromium coatings due to the
remarkable properties of these alloys [1–4]. The proposed Ni and Co-based coatings do not represent a
valid sustainable alternative. In the recent European environmental legislations, Co has been targeted
as “substance of very high concern” and the use of Ni is discouraged because it is listed as highly
allergenic [5]. Thus, among W alloys, Fe-W has especially seen much attention recently, due to the need
to produce and develop sustainable materials [5]. Further, Fe-W alloys can be electrodeposited from
environmentally friendly and thermodynamically stable electrolytes [6] with tunable composition and
structure [7] and with high hardness and thermal stability [8,9]. Under these conditions, Fe-W coatings
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can potentially be used as a sustainable alternative for coatings produced using environmentally
hazardous processes.
In a previous study, the structure development of Fe-W coatings with various W contents was
studied at various annealing temperatures [8]. It was found that as-deposited Fe-W alloys with high
W content (up to 30 at.%) show relatively high hardness, i.e., about 10–13 GPa, which is comparable to
that of electrodeposited chromium [3,7]. Furthermore, the as-deposited hardness of electrodeposited
Fe-W coatings can be substantially increased by heat treatments [9]. In particular, Fe-W coatings with
24 at.% of W showed the highest thermal stability and hardness in both as-deposited and annealed
states. The highest hardness, i.e., 16.5 GPa, was measured after annealing for one hour at 600 ◦C [9].
An increase in hardness in as-deposited electrodeposited coatings has been often linked to a higher
wear resistance [10–13]. Hence, Fe-W coatings with 24 at.% of W can be considered a promising
candidate for protective coating applications. However, wear studies performed in dry conditions
on as-deposited Fe-W coatings showed that the coatings are characterized by a rather low wear
resistance [14,15]. Tribo-oxidation is the main factor influencing the wear mechanism of Fe-W coatings.
Abrasive iron oxide particle are formed during the sliding tests, leading to high values of the coefficient
of friction (COF) and to high wear track volumes [14–16]. However, the wear resistance of the Fe-W
coatings can be improved under lubricated conditions using rapeseed oil. The application of the
lubricant minimized the tribo-oxidation phenomena [15]. Also, an increase in wear resistance has been
obtained with the deposition of ternary Fe-W-P coatings [17,18]. Nevertheless, tribo-oxidation remains
an important factor in the wear mechanism of Fe-W-P coatings. In fact, an increase in oxygen content
was observed in the wear track of Fe-W-P coatings tested in dry conditions using a ball-on-disc sliding
tribometer [17].
Thermal treatments can be applied to increase the wear resistance of coatings [19–23]. It has
been shown that for heat-treated coatings an increase in hardness is not the only factor linked to
improved wear resistances. For instance, a strong contribution to the wear resistance of heat-treated
Ni-P and Ni-W coatings was associated with the precipitation of secondary crystalline phases [21,24].
Nevertheless, the effect of the thermal treatment on the wear resistance of electrodeposited Fe-W
coatings has not been investigated.
The aim of this paper is to study the influence of the microstructural transformation occurring
upon annealing on the wear resistance of Fe-W coatings and to compare it with the wear resistance of
hard chromium coatings.
2. Materials and Methods
2.1. Electrodeposition of Fe-W and Chromium Coatings
The Fe-W coatings with 24 at.% of W were deposited from a bath with the following composition:
1 M glycolic acid, 0.3 M citric acid, 0.1 M Fe2(SO4)3 and 0.3 M Na2WO4. The pH was adjusted to 5 and
the temperature was kept at 65 ◦C. The procedure for electrodeposition of Fe-W alloys with 24 at.% of
W is discussed elsewhere [7,8]. All analyzed Fe-W coatings had a fixed composition of 24 ± 0.6 at.% of
W. The chemical composition was measured at the surface and along the cross-section of the samples
with an Energy Dispersive X-ray Spectroscopy (EDS) technique. Thus, in the following, the samples
will be designated as Fe-24W. The Fe-24W coatings were deposited applying a constant cathodic
current density of 15 mA·cm−2. The electrodeposition was performed in a typical three-electrode
cell and the electrolyte volume was kept at 250 mL. The coatings were deposited using a 2 cm ×
2 cm copper sheet as substrate, platinized titanium was used as a counter electrode, and saturated
Ag/AgCl/KCl(sat) was used as reference electrode. The thickness of the electrodeposited coatings
was 15 ± 2 µm. The values were calculated based on gravimetric and elemental analyses of the
electrodeposited alloys and confirmed by measuring the thickness on the cross-section. The average
surface roughness (Ra) of the Fe-W coatings was 335 ± 80 nm. Chromium deposits were deposited on
polished carbon steel substrates (AISI 1010, Industrias Urduri, Hernani, Spain) using an electrolyte
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with the following composition: 250 g·L−1 CrO3 and 2.5 g·L−1 H2SO4. The electrodeposition process
was carried out under galvanostatic conditions in a three-electrode cell (400 mL), at a temperature of
51 ◦C, with magnetic stirring. Lead-8% tin was used as a counter electrode and an Ag/AgCl/Cl−(3M)
electrode as reference electrode. Chromium coatings were deposited applying a constant cathodic
current density of 300 mA·cm−2 and a deposition time of 3150 s, which led to a thickness of 20 ±
1 µm. Chromium coatings were characterized with a hardness of 1024 ± 21 HV (~10.4 GPa) and with a
surface roughness of 185 ± 25 nm.
2.2. Coating Characterization
The analysis of the wear resistance of the Fe-24W coatings was performed in dry conditions using
ball-on-disc sliding tests (CSM Instruments, model THT, Peseux, Switzerland). An alumina ball of
6 mm diameter was used as the counter-body, moving with a rotation speed of 4 cm·s−1 for 500 m and
with a fixed rotation diameter of 2.5 mm. A load of 2 N was applied. All the tests were performed in
ambient air, at room temperature and about 55% of relative humidity. After the wear tests, the samples
were cleaned in an ultrasonic bath containing ethanol to remove loose debris from the surface of the
coatings. Depth profiles of the wear tracks were obtained using a confocal optical microscope (Leica,
model DCM3D, Wetzlar, Germany). The specific wear rate of the as-deposited and annealed Fe-W
coatings was calculated from the Equation:
K =
Al
FD
(1)
where K is the specific wear rate (mm3/N m), A is the area of the wear track (mm2), l is the length
of the wear track (mm), F is the applied load (N), and D is the sliding distance (m) [25]. The heat
treatment of the samples was performed with a heating rate of 20 ◦C/min under high purity Ar 6.0
atmosphere in the furnace of a NETZSCH 402 C dilatometer (Burlington, MA, USA), keeping the
samples for one hour at 200, 400, 600 and 800 ◦C. Afterwards, the samples were cooled down to room
temperature inside the furnace. Crystallographic information was obtained by means of a Bruker
(Karlsruhe, Germany) AXS D8 advance with Cr Kα radiation (λ = 2.0821 Å) operated at 35 kV and
40 mA. The surface morphology of the coatings, before and after the wear tests, was analyzed with
help of a LEICA (Wetzlar, Germany) optical microscope and a Leo 1550 Gemini Scanning Electron
Microscope (SEM, Oberkochen, Germany) with field emission gun. For further analysis, the SEM is
equipped with EDS and Electron Backscatter Diffraction (EBSD) techniques. The EBSD data were
acquired with a Nordlys II detector (Oxford Instruments, High Wycombe, UK) using a step size of
20 nm. Electron Backscatter Diffraction maps were acquired from the cross-section of the Fe-24W
coating after annealing at 800 ◦C. HKL Channel 5 software (Oxford Instruments) was used for the
post processing of the acquired EBSD data: Noise reduction was done by removal of wild spikes and
extrapolation of non-indexed points (5 nearest neighbors required). The sample was analyzed in the
ordinary EBSD setup (70◦ tilt of sample toward the EBSD detector). Three EBSD maps of 5 µm × 5 µm
were obtained applying an accelerating voltage of 20 kV. The maps were afterwards stitched together
by using Map Stitcher software (version 5.1267.0). Metallographic preparation of the cross-section was
performed by mechanical polishing with a 50 nm finish using OP-S silica suspension as the last step.
3. Results and Discussions
3.1. Structural Characterization of As-Deposited and Annealed Fe-W Coatings
Scanning Electron Microscope micrographs of the surface morphology and of the cross-section
of the as-deposited Fe-24W coating are shown in Figure 1. The surface of the coating is smooth
with some superficial cracks, as shown in Figure 1a and in the insert taken at higher magnification.
The cracks can be considered superficial because they were not observed in the cross-section of the
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coatings—see Figure 1b. The formation of such superficial cracks can be inferred from the high amount
of W co-deposited in the coatings, which leads to internal stresses in the deposited coating [8,12,26].Coatings 2019, 9 FOR PEER REVIEW 4 
Figure 1. Secondary electron images of the as-deposited Fe-24W samples: (a) Surface morphology 
including an insert of the surface acquired at higher magnification; and (b) cross-section.
To study the effect of microstructural transformations on the wear resistance of Fe-24W coatings,
heat treatments were performed, and the observed microstructural changes are shown in Figure 2. The 
crystallization of the Fe-24W coatings upon annealing are consistent with the previous findings, i.e., the 
Fe-24W coatings retain the amorphous structure up to 600 °C, at which point the first α-Fe crystalline peak
is observed, and the crystallization of the Fe-24W sample is incomplete after annealing for one hour at 800 
°C [8,9]. After annealing for one hour at 800 °C, the intermetallic phase Fe2W and the FeWO4 oxide phase 
are formed—see Figure 2. The formation of the Fe2W phase is expected according to the Fe-W phase 
diagram [27,28]. The formation of the FeWO4 phase can be attributed to some oxygen contamination in
the Ar atmosphere. As a matter of fact, the formation of the FeWO4 phase was not observed upon 
annealing of Fe-24W coatings in a cleaner atmosphere, i.e., controlled vacuum (1 × 10−8 Pa) [8,9]. Also, XRD 
analysis on the sample annealed at 800 °C did not reveal the formation of other tungsten oxides, e.g., WOx
Magnéli phases [29]. Figure 2b shows spectra of the sample annealed at 800 °C, acquired with Bragg–
Brentano and grazing incidence geometry. The spectrum acquired with grazing incidence geometry is
obtained scanning the samples with the angle of incidence set at 3° (information depth of the measurement 
limited to 0.5 μm from the surface of the sample). The results shown in Figure 2b indicate that the surface 
of the sample annealed at 800 °C is rich in Fe2W and FeWO4 phase. In fact, in the spectrum acquired with
grazing incidence geometry, the peaks of both Fe2W and FeWO4 phase appear with an increased intensity.
Here, the peak with the highest intensity belongs to the Fe2W phase and not to the α-Fe phase, as observed 
in the case of the spectrum acquired with Bragg–Brentano geometry. Also, more crystalline peaks of the 
FeWO4 phase are visible in the spectrum acquired with grazing incidence geometry that were not 
observed in the spectrum acquired with Bragg–Brentano geometry. The crystallization of the sample upon
annealing at 800 °C is also clearly observed in the backscattered electrons images of the surface and the 
cross-section of the sample (Figure 3). As shown in Figure 3a, FeWO4 grains are easily detectable at the 
surface of the sample. They have a diameter of 1 μm and appear dark due to the lower W content of the 
Fe2W phase. The oxygen content in these grains reaches 60 at.%, which corresponds to the atomic fraction
of oxygen in FeWO4. The smaller grains around the oxide phase are characterized by a W content of 30 
at.%, which corresponds to the expected amount in the Fe2W phase.
Figure 1. Secondary electron images f t s- sited Fe-24W samples: (a) Surface morphology
including an insert of the surface acquired at higher agnification; and (b) cross-section.
To study the effect of microstructural transformations on the wear resistance of Fe-24W coatings,
heat treatments were performed, and the observed microstructural changes are shown in Figure 2.
The crystallization of the Fe-24W coatings upon annealing are consistent with the previous findings,
i.e., the Fe-24W coatings retain the amorphous structure up to 600 ◦C, at which point the first α-Fe
crystalline peak is observed, and the crystallization of the Fe-24W sample is incomplete after annealing
for one hour at 800 ◦C [8,9]. After annealing for one hour at 800 ◦C, the intermetallic phase Fe2W
and the FeWO4 oxide phase are formed—see Figure 2. The formation of the Fe2W phase is expected
according to the Fe-W phase diagram [27,28]. The formation of the FeWO4 phase can be attributed to
some oxygen contamination in the Ar atmosphere. As a matter of fact, the formation of the FeWO4
phase was not observed upon annealing of Fe-24W coatings in a cleaner atmosphere, i.e., controlled
vacuum (1 × 10−8 Pa) [8,9]. Also, XRD analysis on the sample annealed at 800 ◦C did not reveal
the formation of other tungsten oxides, e.g., WOx Magnéli phases [29]. Figure 2b shows spectra
of the sample annealed at 800 ◦C, acquired with Bragg–Brentano and grazing incidence geometry.
The spectrum cquired with grazing incidence g ometry is obtained scanning the sampl s with the
angl of incidence set at 3◦ (information depth of the m asurement limited t ~0.5 µm rom the face
of the sample). The results shown in Figure 2b indicate hat the surface of the sample annealed at
800 ◦C is rich in Fe2W and FeWO4 phase. In fact, in the s ectrum acquired with grazing incidence
geometry, the peaks of both Fe2W and FeWO4 phase appear with an increased intensity. Here, the peak
with the highest intensity belongs to the Fe2W phase and not to the α-Fe phase, as observed in the case
of the spectrum acquired with Bragg–Brentano geometry. Also, more crystalline peaks of the FeWO4
phase are visible in the spectrum acquired with grazing incidence geometry that were not observed
in the spectrum acquired with Bragg–Brentano geometry. The crystallization of the sample upon
annealing at 800 ◦C is also clearly observed in the backscattered electrons images of the surface and
the cross-section of the sample (Figure 3). As shown in Figure 3a, FeWO4 grains are easily detectable at
the surface of the sample. They have a diameter of ~1 µm and appear dark due to the lower W content
of the Fe2W phase. The oxygen content in these grains reaches ~60 at.%, which corresponds to the
atomic fraction of oxygen in FeWO4. The smaller grains around the oxide phase are characterized by a
W content of ~30 at.%, which corresponds to the expected amount in the Fe2W phase.
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Figure 2. X-ray diffraction patterns of Fe-24W alloys annealed at different temperatures (a), and X-
ray diffraction patterns of Fe-24W sample annealed at 800 °C acquired with Bragg–Brentano and 
grazing incidence geometry (b).
Figure 3. Back scattered electron image of the surface morphology (top view) (a), and of the cross-
section (b) of the Fe-24W sample after one hour of annealing at 800 °C. In (b) different areas along the 
cross-section are highlighted with the numbering 1, 2 and 3. 
As shown in Figure 3b, the crystallization along the cross-section of the sample annealed at 800 °C 
appears quite inhomogeneous. Different areas can be identified along the cross-section which are 
highlighted in Figure 3b with the numbering 1, 2 and 3. Area 1 is characterized with a uniform fine-
grained structure. A large elongated grain, surrounded by smaller and bright grains, is found in area 
2. In area 3, close to the surface of the sample, darker grains of 1 μm in diameter are observed. To 
identify the observed structures, EBSD analysis was performed on a selected area of the cross-section 
of the sample annealed at 800 °C. In Figure 4a, the red dashed box defines the area where the EBSD 
phase map was acquired, shown in Figure 4b. The phases acquired through XRD analysis, i.e., α-Fe, 
Fe2W and FeWO4, were used as reference phases for the EBSD indexing by specifying them as a priori 
information in the EBSD software [30]. In the phase map shown in Figure 4b, the following colour 
code is used: The blue grains are indexed as α-Fe phase, the red grains are identified as the FeWO4
phase, and the violet grains belong to the Fe2W phase. As shown in the phase map, the large grain 
found in area 2 is indexed as α-Fe grain, and the smaller, brighter grains surrounding it are mostly 
indexed as Fe2W. Close to the surface, FeWO4 grains of about 1 μm in diameter are found. The 
uniform fine-grained structure seen in area 1 is mostly characterized by small α-Fe grains, and 
smaller FeWO4 and Fe2W grains (a few hundred nm in diameter). Furthermore, there is also a large 
fraction of zero solutions (appearing white in the phase map). Such high fraction of zero solutions 
can be attributed to the nanocrystalline/amorphous nature of the sample, which is conserved after 
the heat treatment at 800 °C and thus cannot be indexed by EBSD technique. The incomplete 
Figure 2. X-ray diffraction patterns of Fe-24W alloys annealed at different temperatures (a), and X-ray
diffraction patterns of Fe-24W sample annealed at 800 ◦C acquired with Bragg–Brentano and grazing
incidence geometry (b).
Coatings 2019, 9 FOR PEER REVIEW  5 
 
  
Figure 2. X-ray diffraction patterns of Fe-24W alloys a nealed at di fere  ratures (a), and X-
ray diffraction patterns of Fe-24W sample annealed at 800 °C acquired with Bragg–Brentano and 
grazing incidence geometry (b). 
  
Figure 3. Back scattered electron image of the surface morphology (top view) (a), and of the cross-
section (b) of the Fe-24W sample after one hour of annealing at 800 °C. In (b) different areas along the 
cross-section are highlighted with the numbering 1, 2 and 3. 
As shown in Figure 3b, the crystallization along the cross-section of the sample annealed at 800 °C 
appears quite inhomogeneous. Different areas can be identified along the cross-section which are 
highlighted in Figure 3b with the numbering 1, 2 and 3. Area 1 is characterized with a uniform fine-
grained structure. A large elongated grain, surrounded by smaller and bright grains, is found in area 
2. In area 3, close t  the surface of th  sample, darker grains of 1 μm i  diameter are observed. To 
identify the obse ved structures, EBSD analysis was perform d on a selected area of the cross-section
of the sample annealed at 800 °C. In Figure 4a, the red dashed box defines the area where the EBSD 
phase map was acquired, shown in Figure 4b. The phases acquired through XRD analysis, i.e., α-Fe, 
Fe2W and FeWO4, were used as reference phases for the EBSD indexing by specifying them as a priori 
information in the EBSD software [30]. In the phase map shown in Figure 4b, the following colour 
code is used: The blue grains are indexed as α-Fe phase, the red grains are identified as the FeWO4 
phase, and the violet grains belong to the Fe2W phase. As shown in the phase map, the large grain 
found in area 2 is indexed as α-Fe grain, and the smaller, brighter grains surrounding it are mostly 
indexed as Fe2W. Close to the surface, FeWO4 grains of about 1 μm in diameter are found. The 
uniform fine-grained structur  seen in area 1 is mostly c aracterized by small α-Fe gr ins, and 
sm ller FeWO4 and Fe2W grains (a few hundred nm in diameter). Furthermore, there is also a large 
fraction of zero solutions (appearing white in the phase map). Such high fraction of zero solutions 
can be attributed to the nanocrystalline/amorphous nature of the sample, which is conserved after 
the heat treatment at 800 °C and thus cannot be indexed by EBSD technique. The incomplete 
Figure 3. Back scattered electron image of the surface morphology (top view) (a), and of the
cross-section (b) of the Fe-24W sample after one hour of annealing at 800 ◦C. In (b) different areas
along the cross-section are ighlighted with the umbering 1, 2 and 3.
As shown in Figure 3b, t rystallization along the cross-section of the sample annealed at
800 ◦C appears quite inh mogeneous. Different areas can be identified along the cross-section which
are highlighte i i ure 3b with the numbering 1, 2 and 3. Area 1 is characterized with a uniform
fine-grained structure. A large elongated grain, surrounded by smaller and bright grains, is found in
area 2. In area 3, close to the surface of the sample, darker grains of ~1 µm in diameter are observed.
To identify the observed structures, EBSD analysis was performed on a selected area of the cross-section
of the sample annealed at 800 ◦C. In Figure 4a, the red dashed box defines the area where the EBSD
phase map was acquired, shown in Figure 4b. The phases acquired through XRD analysis, i.e., α-Fe,
Fe2W and FeWO4, were used as reference phases for the EBSD indexing by specifying them as a priori
information in the EBSD software [30]. In the phase map shown in Figure 4b, the following colour
code is u ed: The blue grains ar indexed as α-Fe phase, the red grains are identified s the FeWO4
phase, a the violet grains belong to the Fe2W phase. As shown in the phase map, the large grain
found in area 2 is indexed as α-Fe grain, and the smaller, brighter grains surrounding it are mostly
indexed as Fe2W. Close to the surface, FeWO4 grains of about 1 µm in diameter are found. The uniform
fine-grained structure seen in area 1 is mostly characterized by small α-Fe grains, and smaller FeWO4
and Fe2W grains (a few hundred nm in diameter). Furthermore, there is also a large fraction of zero
solutions (appearing white in the phase map). Such high fraction of zero solutions can be attributed to
the nanocrystalline/amorphous nature of the sample, which is conserved after the heat treatment at
800 ◦C and thus cannot be indexed by EBSD technique. The incomplete crystallization of the sample
was already indicated by the broad shoulder visible in the XRD spectrum (see Figure 2).
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from the red dashed box highlighted in (a). The blue grains belong to α-Fe phase, the red grains to the
FeWO4 phase, and the violet grains are identified as Fe2W phase.
3.2. Wear Resistance of As-Deposited and Annealed Fe-W Coatings and Hard Chromium Coatings
The wear resistance of the Fe-24W coatings was analyzed using sliding tests with a ball-on-disk
configuration. The variation of the COF as a function of the sliding distance is shown in Figure 5.
As can be seen in Figure 5, for all the Fe-24W samples the COF increases rapidly and, after a running
period of 325 s, it reaches ~0.8. Similar values were found in previous tests performed on Fe-W
coatings [14,15]. Such high values of the COF are expected when two hard surfaces are in contact.
However, with the increase of the sliding distance, the trend of the COF appears unstable, i.e., it
decreases continuously or more abruptly (like in the case of the sample annealed at 200 ◦C). Only for
the Fe-24W sample annealed at 800 ◦C, the COF remains stable at ~0.8 throughout the whole test (see
Figure 5).
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Such instability in the measured COF can be understood by optical and electron microscopy
analyses of the wear tracks. Optical micrographs of the wear tracks on the Fe-24W samples are
provided in Figure 6. Cracks of about 15 µm in depth are found in the wear tracks of the as-deposited
sample and samples which were annealed at 200, 400 and 600 ◦C (see Figure 6a–d). The depth of
these cracks is comparable to the thickness of the coatings. In Figure 6, these cracks appear as dark
spots within the wear track. The cracks are formed locally and are not present throughout the whole
wear track. In the crack-free areas, the depth of the wear track varies between 4 and 8 µm, i.e., it is
substantially lower. For the as-deposited sample, a comparison of the wear track profiles in a cracked
area and a crack-free area is shown in Figure 7a–d. Similar cracks are not found in the wear track of
the Fe-24W sample annealed at 800 ◦C. For this sample the depth of the wear track is at most ~3 µm
along the whole track. A representative wear track profile of the Fe-24W sample annealed at 800 ◦C is
shown in Figure 7e,f.
Wear tests were also performed on electrodeposited hard chromium coatings, and the results of
COF variation and wear rate are shown in Figure 8a. The hard chromium coating was tested with the
same wear parameters applied for the tests on the Fe-24W coatings. As shown in Figure 8a, the hard
chromium coating is characterized with a lower COF, i.e., ~0.5, as compared to Fe-24W coatings.
The lower COF of the hard chromium coating could be inferred from its lower surface roughness
as compared to Fe-24W coatings. However, the measured wear rate is comparable to the wear rate
of the Fe-24W coating annealed at 800 ◦C (see Figure 8b). The wear rate was obtained by means
of Equation (1), considering for each sample an average wear track area (A). The average area was
calculated from four surface profiles acquired at different locations along the wear track (i.e., from the
upper and lower part of the wear track, and from the right and left side). For the Fe-24W samples
showing deep cracks in the wear track, two profiles were acquired from a cracked area and two more
were acquired from a crack-free area. This explains the large standard deviations of the wear rate of
the as-deposited and samples annealed up to 600 ◦C (see Figure 8b).
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To understand the mechanism behind the wear of the Fe-24W samples, the wear tracks were
investigated in more detail by use of SEM, and the acquired micrographs are shown in Figure 9. For the
as-deposited sample and samples annealed up to 600 ◦C, the wear tracks appear rather similar, i.e.,
traces of an adherent oxide film are found along the wear tracks. The adherent oxide film is not
distributed homogeneously, i.e., in some areas the polished coating is still visible (e.g., see Figure 9b).
Debris is formed and is agglomerated mostly along the side of the wear track. Furthermore, some
superficial cracking and wear grooves are also found along the wear tracks. Chemical analyses
performed with EDS point analysis showed a significant enrichment in oxygen in the areas where the
adherent oxide film and the piles of debris are located. The different representative areas where the
EDS point analyses were performed are highlighted in Figure 9 and the results are collected in Table 1.
In the areas where the oxide film and the debris are present, the oxygen increases up to ~60 at.%, which
corresponds to the atomic fraction of oxygen of mixed iron oxide (i.e., Fe2O3, FeO·Fe2O3).
Table 1. Chemical composition as obtained by Energy Dispersive X-ray Spectroscopy (EDS) point
analysis at locations shown in Figure 9.
Spectrum Fe (at.%) W (at.%) O (at.%)
1 76 24 /
2 29 8 63
3 ~60 ~20 ~20
4 ~50 ~15 ~35
5 28 8 64
The findings suggest that tribo-oxidation is the main wear mechanism occurring in these samples.
Tribo-oxidation is the result of the thermal energy generated by the friction of two surfaces sliding
together, e.g., the Fe-24W coatings and the alumina counter-body. Thus, the oxidation of the Fe-24W
coatings is an intrinsic response of the material to recover from the thermal energy during dry
friction [31]. The abrasive iron oxide particles formed during the sliding tests reduce the wear
resistance of the Fe-24W coatings, causing the formation of the deep cracks and thus leading to higher
wear volumes (see Figure 8b). This combination of adhesive and abrasive wear mechanism was already
observed in previous studies on electrodeposited Fe-W and Fe-W-P coatings [15,17].
The wear track of the sample annealed at 800 ◦C appears different from the other samples, i.e.,
traces of adherent oxide films are not observed. Chemical analyses show (Table 1) an enrichment in
oxygen within the wear track, which is, however, not as drastic as in the case of the other samples.
It should be noticed that the results for EDS spectra 3 and 4 are given as approximate values, as the
surface of the sample is covered by two phases, i.e., Fe2W and FeWO4. Hence, the chemical composition
measured with EDS point analysis will vary depending on the actual location. Some small oxidized
areas are found also in the wear track of the sample annealed at 800 ◦C (see the dark spot in Figure 9j).
Here, the measured oxygen is ~60 at.%, suggesting the presence of iron oxide. These findings indicate
that the sample annealed at 800 ◦C is less affected by tribo-oxidation. In fact, as shown by SEM, EBSD
and XRD results, the surface of the sample is mainly covered by hard phases which are not prone to
oxidation, i.e., Fe2W and FeWO4. Hence, the higher wear resistance of the sample annealed at 800 ◦C,
reflected by the absence of deep cracks and the presence of a lower wear rate, can be explained by the
higher resistance of the sample to tribo-oxidation.
Coatings 2019, 9, 66 10 of 13
Coatings 2019, 9 FOR PEER REVIEW  9 
 
EDS point analyses were performed are highlighted in Figure 9 and the results are collected in Table 
1. In the areas where the oxide film and the debris are present, the oxygen increases up to 60 at.%, 
which corresponds to the atomic fraction of oxygen of mixed iron oxide (i.e., Fe2O3, FeO·Fe2O3). 
The findings suggest that tribo-oxidation is the main wear mechanism occurring in these 
samples. Tribo-oxidation is the result of the thermal energy generated by the friction of two surfaces 
sliding together, e.g., the Fe-24W coatings and the alumina counter-body. Thus, the oxidation of the 
Fe-24W coatings is an intrinsic response of the material to recover from the thermal energy during 
dry friction [31]. The abrasive iron oxide particles formed during the sliding tests reduce the wear 
resistance of the Fe-24W coatings, causing the formation of the deep cracks and thus leading to higher 
wear volumes (see Figure 8b). This combination of adhesive and abrasive wear mechanism was 
already observed in previous studies on electrodeposited Fe-W and Fe-W-P coatings [15,17]. 
The wear track of the sample annealed at 800 °C appears different from the other samples, i.e., 
traces of adherent oxide films are not observed. Chemical analyses show (Table 1) an enrichment in 
oxygen within the wear track, which is, however, not as drastic as in the case of the other samples. It 
should be noticed that the results for EDS spectra 3 and 4 are given as approximate values, as the 
surface of the sample is covered by two phases, i.e., Fe2W and FeWO4. Hence, the chemical 
composition measured with EDS point analysis will vary depending on the actual location. Some 
small oxidized areas are found also in the wear track of the sample annealed at 800 °C (see the dark 
spot in Figure 9j). Here, the measured oxygen is 60 at.%, suggesting the presence of iron oxide. These 
findings indicate that the sample annealed at 800 °C is less affected by tribo-oxidation. In fact, as 
shown by SEM, EBSD and XRD results, the surface of the sample is mainly covered by hard phases 
which are not prone to oxidation, i.e., Fe2W and FeWO4. Hence, the higher wear resistance of the 
sample annealed at 800 °C, reflected by the absence of deep cracks and the presence of a lower wear 
rate, can be explained by the higher resistance of the sample to tribo-oxidation. 
 
Coatings 2019, 9 FOR PEER REVIEW  10 
 
 
Figure 9. Scanning electron microscope micrographs of the wear track of the Fe-24W coatings in the 
as-deposited state (a,b) and after annealing at 200 °C (c,d), 400 °C (e,f), 600 °C (g,h) and 800 °C (i,j). 
The different representative areas where the EDS point analyses were performed are highlighted with 
the numbering 1 to 5, and the results are collected in Table 1. 
Table 1. Chemical composition as obtained by Energy Dispersive X-ray Spectroscopy (EDS) point 
analysis at locations shown in Figure 9. 
Spectrum Fe (at.%) W (at.%) O (at.%) 
1 76 24 / 
2 29 8 63 
3 60 20 20 
4 50 15 35 
5 28 8 64 
The wear tracks of hard Cr coatings were also investigated, and the acquired SEM micrographs 
are shown in Figure 10. Here, the wear mechanism appears to be mainly abrasive, due to the presence 
of abrasion grooves along the wear track. Also, some adherent wear debris is found in the wear track 
(see Figure 10b). Energy Dispersive X-ray Spectroscopy point analyses of the adherent debris (spectra 
2 and 3) show presence of oxygen and traces of Al (Table 2). This indicates that the debris is composed 
of chromium oxide and a transfer layer from the alumina counter-body. 
  
Figure 10. Scanning Electron Microscope micrographs of the wear track of the hard Cr coatings (a). The 
micrograph in (b) is acquired at higher magnification. The different representative areas where the EDS 
point analyses were performed are highlighted with the numbering 1 to 4, and the results are collected 
in Table 2. 
Figure 9. Scanning electron microscope microgr f t e ear track of the Fe-24W coatings in the
as-deposited state (a,b) and after a nealing at 200 ◦ 00 ◦C (e,f), 60 ◦C (g,h) and 800 ◦C (i,j).
The different repr sen ative areas where the E i lyses were performed are highlighted with
the numbering 1 to 5, and the results are collected in Table 1.
Coatings 2019, 9, 66 11 of 13
The wear tracks of hard Cr coatings were also investigated, and the acquired SEM micrographs
are shown in Figure 10. Here, the wear mechanism appears to be mainly abrasive, due to the presence
of abrasion grooves along the wear track. Also, some adherent wear debris is found in the wear track
(see Figure 10b). Energy Dispersive X-ray Spectroscopy point analyses of the adherent debris (spectra
2 and 3) show presence of oxygen and traces of Al (Table 2). This indicates that the debris is composed
of chromium oxide and a transfer layer from the alumina counter-body.
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Table 2. Chemical composition as obtained by EDS point analysis at locations shown in Figure 10.
Spectrum Cr (at.%) O (at.%) Al (at.%)
1 100 – –
2 67.8 32 0.2
3 46.5 53 0.5
4 100 – –
4. Conclusions
The wear resistance of as-deposited and annealed Fe-W coatings with 24 at.% of W has been
studied and compared to the wear resistance of electrodeposited hard chromium coating. In particular,
the interdependences between the microstructural transformation occurring upon annealing and the
wear mechanism have been analyzed. Based on the results presented in this study, the following
observations and conclusions can be made:
• The heat treatment of the Fe-24W coatings in Ar at 800 ◦C led to the crystallization of α-Fe,
Fe2W and FeWO4 phases. The formation of the FeWO4 phase can be attributed to some oxygen
contamination in the Ar atmosphere. As shown by XRD results, the surface of the sample annealed
at 800 ◦C was rich in Fe2W and FeWO4.
• Tribo-oxidation was found to be the main factor influencing the wear of the studied Fe-W coatings.
For all the Fe-24W coatings annealed up to 600 ◦C, the wear tracks showed traces of adherent oxide
film and wear grooves running along the wear tracks. Hence, the abrasive iron oxide particles
formed during the sliding tests reduce the wear resistance of the Fe-24W coatings, causing the
formation of deep cracks (i.e., ~15 µm in depth) and thus leading to higher wear rates and to an
instability of the measured COF.
• The Fe-24W coating annealed at 800 ◦C was characterized by a higher resistance to tribo-oxidation
which led to a considerable improvement in the wear resistance of the coating: A constant
COF throughout the whole test, i.e., ~0.8, and the lowest wear rate, i.e., 3 × 10−6 mm3/N m.
Coatings 2019, 9, 66 12 of 13
The resistance to tribo-oxidation was related to the presence of Fe2W and FeWO4 hard phases
which are not prone to oxidation.
• Wear tests performed on electrodeposited hard chromium showed a lower value for the COF,
i.e., ~0.5, as compared to electrodeposited Fe-24W. However, the wear rate of the Fe-24W coating
annealed at 800 ◦C and hard chromium are comparable. Hence, Fe-24W coatings annealed at
800 ◦C could be considered as a potential sustainable alternative to hard chromium coatings.
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